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[57] ABSTRACT

A phase-shifted reticle with patterns proximate each
other having inverted phases for the features and phase-
shifting elements, and methods of fabricating the reticle,
are disclosed. In a preferred embodiment, the inverted
reticle is used to form an array of closely spaced contact
or via openings. For a first pattern on the reticle, the
feature will be the 0° phase and the phase-shifting rim
surrounding that feature will be the 180° phase. All

patterns surrounding the first pattern have phase-shift-
ing rims of the 0° phase and features of the 180° phase.
In this way, each pattern can form below conventional
resolution features in the resist. Additionally, there will
not be exposure of the regions between the closely
spaced features since radiation transmitted through the

closely spaced phase-shifting rims of the two patterns is
180° out of phase.

27 Claims, 12 Drawing Sheets
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1

METHOD OF FABRICATION OF INVERTED
PHASE-SHIFTED RETICLE

FIELD OF THE INVENTION

The present invention relates to the field of semicon-
ductor devices, and in particular, to a reticle having a
plurality of patterns with phase-shifting elements.

BACKGROUND OF THE INVENTION

Within the semiconductor industry, lithographic
printers use reticles (also called masks) having device
patterns to pattern photoresist layers. The reticle com-
prises a substrate, typically quartz, with an opaque
layer, e.g., chrome, thereon. State of the art semicon-
ductor devices require very small dimensional patterns.
These small patterns can be formed within a photoresist
layer as long as the pattern is within the resolution of
the printer, which is herein defined as the smallest di-
mension that can be resolved within the photoresist
layer while maintaining an acceptable process window.
The practical resolution is approximately:

A
Sk

where kj is a “constant” for a given lithographic pro-
cess (process constant), A 1s the wavelength of the radia-
tion, and NA is the numerical aperture of the lens. One
skilied in the art appreciates that k; is not a true con-
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stant, but can actually vary. A conventional reticle has

a ki of approximately 0.8. | |

When exposing a feature having a dimension near the
practical resolution with a conventional reticle, diffrac-
tion effects become significant. Because of this, portions
of the photoresist underneath an opaque section near
the interface of the opaque section and an opening in the
reticle receive some of the exposing radiation. In order
to minimize this problem, phase-shifted reticles have
been used in the prior art.

In the following discussion a phase-shifted reticle

used to pattern a positive.photoresist will be used for

35

tllustration. Portions of the chrome layer will be re-

ferred to as “chrome elements.” “Openings” within the
chrome layer are regions from which the chrome layer
has been removed, which transmit a substantial fraction
of the exposing radiation, and which correspond to the
pattern to be formed on the photoresist layer. “Phase-
shifting elements” are regions between the chrome ele-
ments and openings from which the chrome has been
removed and which transmit a substantial fraction of
the exposing radiation, but shift the phase of the radia-
tion approximately 180° relative to the opening. Gener-
ally, the phase difference of 180° between the opening
and a phase-shifting element is created by a difference in
the thickness of the quartz substrate between the two
regions, or by the addition of a thickness of a material
such as spin-on-glass (SOG), for example. A typical
prior art phase-shifted reticle is shown in FIG. 1 and
includes quartz plate 10 having chrome element 11,
phase-shifting rim 12, and opening 13. A phase-shifting
rim 1s a phase-shifting element which surrounds an
opening such as opening 13. A “pattern” on a reticle as
used herein 1s that portion of the reticle which forms an
image in the developed photoresist pattern. In prior art
non phase-shifted reticles, the pattern on a reticle con-
sists of the opening in the chrome layer. In a phase-
shifted reticle, the pattern consists of both the opening
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as well as any phase-shifting element associated with the
opening. For example, the pattern shown in FIG. 1
comprises opening 13 and phase-shifting rim 12. The
pattern formed by the portion of a reticle shown in FIG.
1 could be a contact or via opening. This pattern will be
referred to as an *“‘opening pattern” in the present speci-
fication.

Within this application, a phase-shifting element
width is sometimes expressed as a fraction of IRF-A-
/NA where IRF is the image reduction factor of the
lens, A is the wavelength of the radiation, and NA is the
numerical aperture of the lens. Widths expressed in
units of IRF-A/NA are used because the actual width of -
a phase-shifting element varies based on those three
parameters. Although ki is a function of the phase-shift-
ing element width, an equation to determine k; given a
phase-shifting element width is not known. Generally,
k1 decreases as the phase-shifting element width in-
creases, but 1t is understood that k1 may not be a linear
function of the phase-shifting element width. Therefore,
an increased phase-shifting element width results in a
decreased value of ki, allowing for improved resolu-
tion. However, at least one process complication oc-
curs. With an increased phase-shifting element width,
the radiation intensity at the photoresist surface under
the phase-shifting element increases. This can cause
undesired exposure of the photoresist under the phase-
shifting element. When the prior art phase-shifted reti-
cle has a phase-shifting element with a width greater
than about 0.4 IRF-A/NA, the phase-shifting element is
too wide, and the photoresist layer under the center of
the phase-shifting element is substantially exposed when
the reticle is exposed to radiation. The phase-shifting
element width 1s usually no less than about 0.1 IRF-A-
/NA because k; for a phase-shifting element width less
than 0.1 IRF-A/NA 1s close to the same value as k; for
the conventional reticle.

In FIG. 1, the phase-shifting rim 12 has a thickness
such that radiation transmitted through the phase-shift-
ing rim 12 is shifted about 180° out of phase relative to
the radiation transmitted through the opening 13. The
transmittance of radiation transmitted through the
opening 13 i1s about the same as the transmittance of
radiation transmitted through the phase-shifting rim 12.

The phase-shifted reticle is used to pattern a positive
photoresist layer as tllustrated in FIGS. 2A, 2B, and 2C.
FIG. 2A includes a cross-sectional view of the reticle of
FIG. 1 and has quartz plate 10, chrome element 11,
phase-shifting rim 12, and reticle opening 13. When
radiation is incident on the reticle, the radiation is trans-
mitted through the reticle opening 13 and the phase-
shifting rim 12, but the chrome element 11 prevents
virtually all transmission of radiation. FIG. 2B illus-
trates how the radiation transmitted through the reticle
divided by the radiation incident on the reticle, 1/1o,
may vary across the photoresist layer surface when
ustng the reticle of FIG. 1. As seen in FIG. 2B, 1/]j
under the chrome element 11 is substantially zero, and
1/1p under opening 13 away from the phase-shifting rim
12 1s close to unity.

Interference areas A21-and A22 each include a por-
tion of the phase-shifting rim 12 as shown in FIG. 2A.
Within each interference area, the radiation transmitted
through the phase-shifting rim 12 is shifted about 180°
out of phase relative to the radiation transmitted
through the reticle opening 13. Radiation from the reti-
cle opening 13 that enters the interference areas 1s inter-
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fered with by the radiation that is transmitted through
the phase-shifting rim 12 within the interference areas.

The actual patterned photoresist layer typically has at
least one problem. As seen in FIG. 2B, some radiation
reaches the photoresist layer under the phase-shifting
rim 12. I/Ip beneath the center of the phase-shifting
element increases as the width of the phase-shifting
element increases. After developing, the photoresist
layer has resist elements 18 each with a recession 23
near a photoresist layer opening 22 as shown in FIG.
2C. To solve the problem of the recession caused by the
prior art reticle of FIG. 1, a phase-shifted reticle having
phase-shifting elements with a reduced transmittance
has been discovered. See co-pending U.S. patent appli-
cation Ser. No. 869,026; filed Apr. 15, 1992; entitled
“Lithography Using A Phase-Shifted Reticle With Re-
duced Transmittance,” which application is assigned to
the assignee of the present invention.

As dimensions are scaled for increased device den-
sity, the dimensions and spacing of contact patterns
such as those shown in FIG. 1 can be expected to de-
crease. A problem will be encountered with the prior
art rim phase-shifted reticle of FIG. 1 for forming
contact openings of small dimensions on scaled devices.
Often, it is desired to put the contacts in an array. In an
array, two opening patterns may be in close proximity,
or may be adjacent to one another along a side. In this
case, the two close or adjacent phase-shifting rims are
roughly equivalent to one very wide rim. As noted
above, as the phase-shifting rim width is increased, 1/1p
underneath the phase-shifting element increases. FI1G. 3
shows a reticle with two prior art phase-shifting open-
ing patterns placed side by side. FIG. 3B shows a plot of
1/10, plotted along the line 1§—15a of F1G. 3A, show-
ing the intensity of the exposing radiation at the photo-
resist surface. At the outer edges near the points 15 and
15a, the destructive interface between phase-shifting
rim 12 and opening 13 has significantly reduced the
transmitted light intensity. However, the intensity of

radiation between the openings 13 i1s significantly 40

higher. The increased intensity will cause a deep reces-
sion in the exposed photoresist, and may in fact cause a
portion of the photoresist to be removed between the
contact or via openings. This problem occurs not only
when two patterns are adjacent along a side as shown in
FIG. 3A, but also when the patterns are in close prox-
imity to one another. Even if a strip of chrome 1is be-
tween the two adjacent phase-shifted rim opening pat-
terns, the increased intensity between the two patterns
will still be too great if they are positioned at approxi-
mately 0.55 A/NA or less.

What is needed is a phase-shifted reticle allowing for
patterns having a phase-shifting rim or phase-shifting
element along one or more sides to be placed closely
together without causing an unacceptable increase in
the exposure intensity between the patterns.

SUMMARY OF THE INVENTION

A phase-shifted reticle having closely spaced features
with phase-shifting elements is disclosed. In a preferred
embodiment, the phase-shifted reticle of the present
invention comprises a plurality of rim phase-shifted
opening patterns in a closely spaced array. The opening
and phase-shifting rim of each pattern is inverted with
respect to all adjacent contact patterns. Thus, if a given
opening is considered the 0° phase and its phase-shifting
rim the 180° phase, all adjacent patterns have a phase-
shifting rim of the 0° phase and openings of the 180°
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phase. In this way, each contact formed has an equiva-
lent performance of an isolated rim phase-shifted
contact, without suffering the proximity effect de-
scribed earlier.

Several methods of fabricating the invented mask are
disclosed. Each method has one or more advantages.
Some methods do not require a chrome undercut etch,
which may be unreliable. Some methods are virtually
self-aligned, in that no precision alignment steps on an
E-beam system are required. Some of the methods do
not require unconventional CAD elements such as rim
or doughnut shaped features. Some of the methods
introduce a 360° phase-shifted region which serves as
the 0° phase.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention is illustrated by way of exam-
ple and not limitation in the following figures in which:

FIG. 1illustrates a pattern on a prior art phase-shifted
reticle.

FIGS. 2A-C illustrate the transmitted intensity
through the reticle of FIG. 1 and the resultant pattern
formed in a positive photoresist layer.

FIGS. 3A and 3B illustrate the exposure which
would result if the pattern of FIG. 1 were placed adja-
cent to an identical pattern.

FIGS. 4A and 4B illustrate a preferred embodiment
of the present invention and the resulting intensity at the
photoresist surface.

FIGS. SA-E illustrate alternate embodiments of the
present invention.

F1G. 6 illustrates a further alternate embodiment of
the present invention.

FIGS. 7-10 illustrate a method of forming the reticle
of the present invention.

FIGS. 11-1S5 illustrate an alternate method of forming
the reticle of the present invention.

FIGS. 16-20 illustrate a further alternate method of
forming the reticle of the present invention.

FIGS. 21-25 illustrate a further alternate method of
forming the reticle of the present invention.

FIGS. 26-28 illustrate a further alternate method of
forming the reticle of the present invention.

RELATED APPLICATION

This application is related to co-pending U.S.patent
application Ser. No. 07/933,400, entitled “Inverted
Phase-Shifted Reticle,” invented by Giang T. Dao,
Ruben A. Rodriguez, and Harry H. Fujimoto filed con-
currently, which application is assigned to the assignee
of the present application.

DETAILED DESCRIPTION OF PRESENT
- INVENTION |

An inverted phase-shifted reticle is disclosed. In the
following description, numerous specific details are set
forth such as specific materials, reticle patterns, dimen-
sions, etc. in order to provide a thorough understanding
of the present invention. It will be obvious, however, to
one skilled in the art that these specific details need not
be employed to practice the present invention. In other
instances, well known materials or methods have not
been described in detail in order to avoid unnecessarily
obscuring the present invention.

A variety of patterned resist layers may be formed.
The present invention may be used to pattern a resist
layer having dimensions larger or smaller than the con-
ventional resolution limit. The patterned resist layer
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may be -used as a masking layer during a dielectric,
silicon, or metal etch step, or as a masking layer during
a doping step and at other processing steps. Although
the present invention is particularly applicable for reti-
cles having closely spaced features with phase-shifting
elements, a large number of patterns can be formed
using the present invention. A patterned resist layer
may be used for defining contact or via openings,
polysilicon word lines, metal lines, field isolation re-
gions, ion implanted regions, etc. Patterns that can be
formed by the present invention are not limited to the
examples given. The present invention may be used
with any semiconductor technology including bipolar,
metal-oxide-semiconductor, and III-V semiconductors.

A varniety of materials and equipment can be used.
The reticle may be made of many different materials. A
reticle base or substrate may comprise quartz, glass,
silicon nitride, silicon oxynitride, or boron nitride.
Chrome, gold, copper, and other metallic compounds
may be used for an opaque element. A polysilicon sten-
cil or “see through” reticle may be used, although the
reticle may be more difficult to manufacture. Any mate-
rial that 1s opaque to the radiation may be used as an

6

and opening patterns 22 and 25. Opening pattern 22
comprises opening 23 and phate-shifting rim 24. Open-
ing pattern 25 comprises opening 26 and phase-shifting
rim 27. |

As 1s well known in the art, when light travels
through a medium having an index of refraction greater
than that of air, its phase is shifted relative to light
which has not traveled through the medium. The de-

~ gree of the phase-shift is dependent upon the index of
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opaque element. In a preferred embodiment, phase-

shifting is accomplished through use of regions of dif-
ferent quartz thicknesses as described below. Alterna-
tively, phase-shifting elements may be made by forming
regions of other materials in the reticle region where
phase-shifting is desired. For example, a phase-shifting
element may be made of a material including photore-
sist, silicon dioxide {doped or undoped), spin-on-glass,
polyimide, silicon nitride, silicon oxynitride, and poly
(methyl methacrylate). |

The present invention may be used with any litho-
graphic printer regardless of radiation wavelength and
numerical aperture. Examples of lithographic printers
include projection printers, contact printers, and prox-
imity printers. Commercially available lithographic
printers typically operate at a wavelength A no longer
than approximately 436 nm and have a lens with a nu-
merical aperture (NA) in the range of approximately
0.17 through 0.6 and an mmage reduction factor in the
range of approximately 1X 1 through 10X 1.

In a currently preferred embodiment of the present
invention, a semiconductor substrate 1s coated with a
positive photoresist layer and is placed in a lithographic
printer. In a currently preferred embodiment, the litho-
graphic printer is a projection printer having a radiation
source that emits radiation having a wavelength of
approximately 365 nm, a lens with a numerical aperture
of approximately 0.50 and an image reduction factor of
approximately 35X 1. The 5X1 image reduction factor
means that an image on the reticle is reduced by about
five times when the image reaches the surface of the
photoresist layer. An example of the projection printer
is a Nikon i-line projection printer. As noted above, the
image on the reticle is five times larger than the image
formed on the photoresist surface. For simplicity, when
the radiation intensity at the photoresist surface is dis-
cussed in relation to the reticle feature, reference will be
made to, for example, the intensity of radiation ‘“under
an opening” or “under a phase-shifting element” of the
reticle. This terminology is used to describe the inten-
sity of radiation on the photoresist surface at the corre-
sponding 1/5 size image.

FIG. 4 shows a portion of a reticle formed in accor-
dance with a currently preferred embodiment. The
reticle comprises quartz plate 20, chrome element 21,
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refraction of the particular material, the wavelength of

the light and the thickness of the material. In a preferred

embodiment, light from a phase-shifting element is
shifted relative to other proximate regions by varying
the thickness of the quartz plate 20. For convenience,
some regions are referred to as the 0° phase, and other
regions are referred to as the 180° phase. It is under-
stood that these phases do not correspond to any abso-
lute phase-shifting through the reticle but only to the
relative difference between the two regions. In general,
regions which have had no quartz etched or have had a
sufficient thickness of quartz etched to shift the phase of
radiation an integer multiple of 360°, relative to radia-
tion transmitted through unetched quartz, are referred
to as the 0" phase. Regions which have had sufficient
quartz etched to shift the phase of radiation 180° or 180°

plus an integer multiple of 360° relative to radiation

transmitted through unetched quartz are referred to as
the 180° phase. The 180° phase regions are denoted by
cross hatching in the accompanying Figures. Further-
more, for the phase-shifted reticle to be effective, the
phase difference between a phase-shifting element and a
proximate or adjacent opening does not need to be
exactly 180° but may be anywhere between approxi-
mately 160°-200° (or 160°~ 200° plus a multiple of 360°)
Finally, 1t will be understood by one skilled in the art
that all of the 0° phase regions and all of the 180° phase
regions over the entire surface of a reticle do not need
to have a phase difference within the range of approxi-
mately 160°-200° from one another, but that adjacent 0°
and 180° regions should have a phase difference within
this range in order to be effective.

Referring again to FIG. 4, opening 23 is the 0° phase
while phase-shifting rim 24 is the 180° phase. Thus, an
opening of below conventional resolution can be
formed by opening pattern 22 by virtue of the phase-

shifting rim 24. Similarly, for opening pattern 25, open-

ing 26 is the 180° phase while phase-shifting rim 27 is the
0° phase. Since these two regions are 180° out of phase,
a sub-conventional resolution opening can be formed in
the photoresist by opening pattern 25.

As described previously, if two prior art opening
patterns with a phase-shifting rim were placed adjacent

- to one another (i.e., no chrome between the patterns) as

3
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shown in FIG. 3A, or within approximately 0.55A/NA
of one another, the exposure intensity underneath the
phase-shifting rims 12 between openings 13 would be
unacceptably high, as shown in FIG. 3B. However this
is not the case with the embodiment of the present in-
vention shown in FIG. 4.

Since phase-shifting rim 24 of opening pattern 22 is
“inverted” relative to phase-shifting rim 27 of opening
pattern 25, the problem of an unacceptably high expo-
sure intensity between two adjacent or closely spaced
contact patterns does not occur. Radiation transmitted
through phase-shifting rim 24 interferes with radiation
transmitted through phase-shifting rim 27, causing the
intensity between opening 23 and opening 26 to be low,
such that the photoresist between the openings is not
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7
significantly exposed. FIG. 4B shows a plot of 1/Ip
between the points 28 and 28a of FIG. 4A. As can be
seen, 1/1punder the openings 23 and 26 is close to unity,
while 1/lpunder the phase-shifting rims 24 and 27, even
where they are adjacent, is close to 0.

Using the reticle of FIG. 4, in a currently preferred
embodiment, an opening in the photoresist having a
dimension of approximately 0.35- 0.40 microns can be
expected, with the printer described previously. To
achieve an opening with this dimension, the dimension
of openings 23 and 26 is approximately 2.6u on a 5:1
reticle, and the width of the phase-shifting rims 24 and
27 1s approximately 0.85u. (On a 1:1 basis, the dimension
of the openings 23 and 26 is approximately 0.52u and
the width of the phase-shifting rim is approximately
0.17u.) For the printer described previously, this corre-
sponds to an opening dimension of approximately 0.7
IRF-A/NA and a rim width of approximately 0.25
IRF-A/NA. Patterns with different dimensions from
those given above can be achieved using the method of
the present invention. Additionally, different exposure
parameters from those given for IRF, A, and NA can be
used with a reticle according to the present invention.
Generally, the dimension of the opening or other fea-
ture to be formed should be approximately 20% larger
on the reticle (on a 1:1 basis) than the desired feature
size. Also, the width of the phase-shifting rim may be in
the range of approximately 0.1-0.4 IRF-A/NA. The
value of 0.25 IRF-A/NA given above has been found to
give acceptable resolution and depth of field, without
an unacceptable exposure underneath the phase-shifting
rim.

In addition to the pattern shown in FIG. 4, the in-
verted rim phase-shifted reticle of the present invention
can be used to form closely spaced openings in a variety
of spatial arrangements as shown in FIGS. 5A-E. Of
course, the methods of the present invention can be
used for opening patterns having a greater spacing be-
tween one another as well. FIG. 5E shows two closely

spaced “outrigger” phase-shifted opening patterns 22g 40

and 25a, having openings 23¢ and 264, formed in accor-
dance with the present invention. The outriggers, la-
beled 24a and 27a, are the phase-shifting elements
which set up the destructive interference near the open-
ing edge allowing for below conventional resolution.
As with the other reticles of FIGS. 4 and 5A, each
outrigger opening pattern is inverted with respect to all
other patterns proximate to it. In each of FIGS. 5A-C,
if intensity 1s plotted between the points 30 and 302, 31
and 31a, or 32 and 32a of FIGS. SA-C, a plot of 1/]
similar to that shown in FIG. 4B is obtained. In FIG.
SD, a plot of 1/Ip along a line connecting points 33 and
33a, and along a line connecting points 34 and 34q,
would be similar to the plot of FIG. 4B, except that the
pattern of FIG. 4B would be repeated 3 and 4 times,
respectively. A plot of 1/Ip taken along the points 35
and 354 of FIG. SE would yield a similar pattern, with
1/1g close to 1 under openings 23z and 264, and 1/]g
close to 0 under the phase-shifting outriggers 24a and
27a, under the chrome element 21 between the outrig-
gers and openings (e.g., between the openings 23a and
outrigger 24a) and under the chrome between patterns
22a and 25a. Generally, 1/Igbeneath the openings of the
opening pattern is close to unity, while I/Igbeneath the
phase-shifting elements or chrome elements is close to
ZEero.

The methods of the present invention are not limited
to the specific nm or outrigger phase-shifting opening
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. 8
patterns shown in FIGS. 4A and SA-E. The present
invention may be used for any patterns having phase-
shifting elements which are spaced in close proximity to
other such patterns. For example, FIG. 6 shows two
closely spaced line patterns 40 and 43 having a dimen-
sion less than the conventional resolution limit. The line
patterns 40 and 43 could be used to pattern a resist layer
in the fabrication of two closely spaced interconnection

lines, for example.

FIGS. 7-28 show several alternate methods of the

fabrication of a reticle having the pattern shown in FIG.
SA. In the following methods, the pattern of FIG. 5A is

used for illustration. It will be obious, however, that the
methods described below could be used to fabricate any
of the patterns of FIGS. 4A, 5A-E and 6, as well as any
other pattern within the scope of the present invention.
Also, regions having the 0° phase (or a 360° phase or
multiple thereof) are described in reference to opening
23 and rim 27, while regions having the 180° phase (or
180° plus a multiple of 360°) are described in reference
to opening 26 and rim 24. However, it is understood
that such references are relative and the positioning of
openings and phase-shifting rims need only be such that
adjacent regions are approximately 160°-200° (or
160°-200° plus a multiple of 360°) out of phase as de-
scribed earlier. In this regard, although each substrate
etch i1s described as carried out such that a thickness of
the substrate sufficient to shift radiation approximately
160°-200° 1s removed, it will be appreciated that the
thickness referred to in the following description and
appended claims is a thickness sufficient to shift radia-
tion approximately 160°~200° plus n*360°, where n is an
integer of 0 or greater. In a preferred embodiment, the
reticle is formed on a quartz substrate having a chrome
layer thereon. In the etch steps described below, the
quartz 1s etched in a dry plasma etch and the chrome is
etched in a wet chemical etch. The chrome and quartz
etches are performed by methods well known in the art.
It will be obvious, however, that the methods could be
used to fabricate a reticle according to the present in-
vention on other substrates having other opaque layers,
such as those described earlier, using well known meth-
ods to etch the selected materials.

Refernng to FIG. 7, the quartz plate 20 and chrome
layer 21 have patterning layer 51 with openings 52
formed therein. Some of the openings 52 expose a re-
gion corresponding to a phase-shift rim (left side of
F1G. 7) while others expose a region corresponding to
an opening (right side of FIG. 7). The structure of FIG.
7 1s then subjected to a chrome etch and then a quartz
etch by methods well known in the art to remove the
chrome and a portion of quartz plate 20 in the region
exposed by opening §2. The quartz etch is designed to
remove a thickness of quartz sufficient to shift radiation
of wavelength A160°-200°. The thickness of glass to be
removed 1s an amount equal to approximately:

X *A
2n — 1)

where x i1s an odd numbered integer, A is the wave-

~ length of the exposing radiation, and n is the index of

65

refraction of quartz plate 20 at wavelength A.

FIG. 8 shows the structure of FIG. 7 after the
chrome and glass etches, and after the removal of pho-
toresist layer 51.

Next, patterning layer 61, having openings 62, is
formed on the structure of FIG. 8 as shown in FIG. 9.
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Patterning layer 61 must be precisely aligned to ensure,

9 |

for example, that phase-shifting rim 27 is centered about
opening 26. Note that the left opening 62 of FIG. 9 is
slightly smaller than the right opening 62, in order to
allow for greater misalignment tolerance on those open-
ings 62 which expose the chrome over regions corre-
sponding to openings 23. A chrome etch is then per-
formed to remove the chrome in the region exposed by
openings 62. After removal of patterning layer 61, the
reticle appears as shown in FIG. 10, which shows a
cross-sectional view of the pattern shown in FIG. 5A.
Opening pattern 22, having phase-shifting rim 24 and
- opening 23, and opening pattern 25 having phase-shift-
ing rim 27 and opening 26, with chrome element 21
between the two patterns, is shown.

As an alternative to the order of steps shown in
FIGS. 7-10, the patterning layer 61 with openings 62
can be formed on quartz substrate 20 and chrome layer
21 first, followed by a chrome etch to remove the
chrome in the regions exposed by openings 62. If this
alternative order is used, then, contrary to the previous
method, both the left and right openings 62 shown in
F1G. 9 must be equal in size to the opening and phase-
shifting rim combined. Next, after removal of pattern-
ing layer 61, patterning layer §1 with openings 52 can be
formed, followed by a quartz etch to produce the phase
shifting regions. After removal of patterning layer 51,
the reticle will again appear as shown in FIG. 10.

Note that the method shown in FIGS. 7-10, as well as
the alternate order described in the preceding para-
graph, does not require a chrome undercut etch (de-
scribed below in conjunction with FIG. 19), often used
in fabrication of phase-shifted reticles. The chrome
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phase (since this region was exposed to two quartz
etches) and opening 26 is the 180° phase.
Note that the method shown in FIGS. 11-15 is virtu-

- ally self-aligned. That is, after the initial patterning of

masking layer 70 of FIG. 11, all further chrome and
quartz etch steps are automatically aligned to the pat-

tern of FIG. 11, with only coarse alignment of pattern-
ing layers 75 or 80. There is no need for precision align-

ment methods to ensure alignment of a phase-shifting

rim to its corresponding opening, for example. Addi-
tionally the method of FIGS. 11-15 avoid a chrome
undercut etch. |

- FIGS. 16-20 illustrate a further alternate method of
fabricating the inverted phase-shifted reticle of the pres-
ent invention. First, quartz substrate 20 with chrome
layer 21 is covered with sacrificial layer 90 and pattern-

~ ing layer 91. Sacrificial layer 90 can be any organic or

20

inorganic layer which has a lower etch rate than the
substrate and opaque layer in the respective etches of
these materials. In a preferred embodiment, sacrificial

~ layer 90 1s made of silicon nitride (Si3N4). Alternatively,

23

30

undercut etch has various reliability problems, such as ¢

poor resist adhesion, leading to unintended removal of

chrome. |

F1GS. 11-18 illustrate an alternate method of fabri-
cating the inverted phase-shifted reticlie of the present
invention. First, quartz substrate 20 having chrome
layer 21 is patterned with a patterning layer 70, having
openings 71. Openings 71 correspond to the locations
of, for example, the phase-shifting rims of two adjacent
contact patterns 22 and 25. A chrome etch is then per-
formed to remove the chrome from the regions exposed
by openings 71, followed by a quartz etch designed to
remove a thickness of quartz substrate 20 sufficient to
shift the phase of transmitted radiation approximately
160°-200°. The resulting structure is shown in FIG. 11.

Next patterning layer 70 is removed followed by
another patterning layer 78 having openings 76, expos-
ing for example, the chrome overlying the locations the
contact openings 23 and 26, as shown in FIG. 12. A
chrome etch is then performed, followed by removal of
patterning layer 75, resulting in the structure shown in
FIG. 13.

A third patterning layer 80 with opening 81 is then
formed, as shown 1n FIG. 14. Opening 81 exposes open-
ing 26 and phase-shifting rim 27. |

A quartz etch is then performed on the structure of
FI1G. 14. This etch removes a thickness quartz substrate
20 from the regions exposed by opening 81 sufficient to
shift the phase of transmitted radiation approximately
160°-200°. After removal of masking layer 80, the reti-
cle appears as shown in FIG. 15. The portion of the
reticle shown 1n FIG. 15 could be, for example, the
patterns shown in FIG. 5A. In FIG. 15, if opening 23 is
the 0° phase, rim 24 is the 180° phase, rim 27 is the 360°

45

30
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sacrificial layer 90 could be, for example, highly doped
silicon dioxide, silicon oxynitride (SixOyN;) or any of a
variety of organic materials such as polyimide, para-
lyne, fluoropolymer, or photoresist, for example. Sacri-
ficial layer 90 should be a material which can be selec-
tively etched from the reticle substrate 20. After quartz
substrate 20 has been covered with sacrificial layer 90
and patterning layer 91, openings 92 are formed in pat-
terning layer 91 as shown in FIG. 16. Next, sacrificial
layer 90 is etched by well known methods, followed by
an etch of chrome layer 21 and then an etch of quartz
substrate 20. Again, a sufficient thickness of quartz sub-
strate 20 1s etched to phase-shift radiation approxi-
mately 160°-200°. The resulting structure is shown in
FIG. 16. The etched regions correspond to opening 26
and rim 24 of FIG. 5A.

Referring to FIG. 17, after removal of patterning
layer 91 of FIG. 16, patterning layer 95 with opening 96
is formed on the reticle surface. Opening 96 exposes, for
example, opening 23 of FIG. SA. Next, the sacrificial
layer 90 and chrome layer 21 are removed by etching in
the region exposed by opening 96.

After the above described etch, removal of patterning
layer 95, and formation of patterning layer 100 with
opening 101, the reticle appears as shown in FIG. 18.

- Opening 101 exposes the region corresponding to open-

ing 26 and rim 27 of FIG. §SA. Note that due to the
presence of sacrificial layer 90, the dimension and align-
ment of opening 101 is not critical. That is, opening 101

does not need to be precisely the same size as the com-

bined opening 26 and rim 27, and does not need to be

precisely aligned about the previously etched region of
quartz substrate 20 which it exposes.
Next, a chrome undercut etch is performed to re-

- move the chrome from the region corresponding to rim

60
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24. The chrome undercut etch ts performed for a suffi-
cient time to allow the chrome underlying sacrificial
layer 90 in the region exposed by opening 101 to be
etched inward a sufficient distance to form a phase-
shifting rim 24 having the desired width. After the
chrome undercut etch, the reticle appears as shown in
FIG. 19. Next, the sacrificial layer 90 is removed, result-
ing in the reticle shown in FIG. 20, having the pattern
shown in FIG. SA. (Except that opening pattern 22,
having opening 23 of the 0° phase and rim 24 of the 180°
phase, i1s on the right in FIG. 20.)
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As with the previous method, the method illustrated
in FIGS. 16-20 is virtually self-aligned, thereby avoid-
ing E-beam alignment error and leading to better litho-
graphic performance when used to pattern a photoresist
layer.

FIGS. 21-25 illustrate a further alternate method of
fabricating the inverted phase-shifted reticle of the pres-
ent invention. First, as shown in FIG. 21, patterning
layer 110 with openings 111 is formed on quartz sub-
strate 20 and chrome layer 21. The openings 111 corre-
spond to the openings 23 and 26 of FIG. SA.

Next, a chrome undercut etch is performed as shown
in FIG. 22. The regions 112 where chrome is removed

in the undercut etch correspond to rims 24 and 27 of

FIG. SA. Referring to FIG. 23, a quartz etch is per-
formed to remove a thickness of quartz substrate 20
sufficient to phase-shift radiation 180° . In this etch,
quartz 1s removed from the region directly underlying
openings 111, but not from the regions underlying re-
gion 112, since the dry etch is anisotropic.

S
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Next, patterning layer 110 is removed, followed by

patterning layer 115 having opening 116 as shown in
FI1G. 24. The structure of FIG. 24 i1s then subjected to a
quartz etch to remove a thickness of quartz sufficient to
phase-shift radiation 160°-200° from all regions exposed
by opening 116. The resulting structure is shown in
F1G. 25. For a reticle fabricated by the method de-
scribed in conjunction with FIGS. 21-2§, opening 23 is
the 360° phase, similar to rim 27 of FIG. 15.

As can be seen from FIGS. 21-25 and the above
description, the method of FIGS. 21-25 does not re-
quire that a rim-shaped opening, which is not a conven-
tional CAD pattern, be formed. Furthermore, as with
the two prior methods, the method of FIGS. 21-28§ is
virtually self-aligned.

A further alternative method to fabricate the reticle
of the present invention is illustrated in FIGS. 26-28
and FIGS. 24-25. First, as shown in FIG. 26, a pattern-
ing layer 120 with openings 121 is formed on quartz
substrate 20 and chrome layer 21. The openings 121
expose the regions corresponding to openings 23 and 26
and rims 24 and 27 of FIG. SA. Next, a chrome etch is
performed to remove the chrome from the regions ex-
posed by openings 121. The resulting structure 1s shown
in FIG. 26. Next, patterning layer 120 is removed and
patterning layer 125 with openings 126 is formed as
shown in FIG. 27. The openings 126 expose the region
corresponding to openings 23 and 26. Note that in this
embodiment, the second patterning layer 125 must be
precisely aligned so that openings 126 are centered in
the chrome openings formed in the preceding chrome
etch. Next, a quartz etch is performed to remove a
thickness of quartz sufficient to phase-shift radiation
approximately 160°-200° . The resulting structure is
shown in FIG. 28. After removal of patterning layer
125, the structure of FIG. 28 1s processed as described
above in conjunction with FIGS. 24 and 25. While the
embodiment shown in FIGS. 26-28 and 24-25 is not
self-aligned, it does not require the chrome undercut
etch as in the embodiment shown in FIGS. 21-25. As
with the previous method, the embodiment shown in
FIGS. 26-28 does not require unconventional CAD
features.

Thus, an inverted phase-shifted reticle with closely
spaced patterns, capable of forming below conventional
resolution features without unacceptable exposure be-
tween the closely spaced features, has been described.
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Several methods of fabrication of a reticle according to
the present invention are also disclosed.

What is claimed is:

1. A method of fabricating a phase-shifted reticle for
use on a printer having a numerical aperture (NA), an
image reduction factor (IRF) and an exposing radiation
wavelength (A), comprising the steps of:

a) providing a substrate with an opaque layer formed
thereon, said substrate with said opaque layer hav-
ing a first region, a second region, a third region
and a fourth region, wherein said second region is
proximate and between said first and said third
regions, and said third region is proximate said
fourth region, wherein said second region com-
prises a phase-shifting element for said first region
and said third region comprises a phase-shifting
element for said fourth region, and wherein said
third region is disposed within approximately 0.55
IRF* A/NA of said second region;

b) removing said opaque layer from said first and said
third regions;

c) removing a thickness of said substrate from said
first region, said thickness sufficient to shift the
phase of radiation in the range of approximately
160 through 200 degrees;

d) removing said thickness of said substrate from said
third region; and,

e) removing satd opaque layer from said second and
said fourth regions.

2. The method as described 1in claim 1 wherein said

steps b, ¢, d, and e are performed by:

providing a first patterning layer;

forming first openings in said first patterning layer to
expose said first and said third regions;

etching said opaque layer in said first and said third
regions;

etching said substrate in said first and said third re-
gions;

removing said first patterning layer;

providing a second patterning layer;

forming second openings in said second patterning
layer to expose said second and said fourth regions;

etching said opaque layer in said second and said
fourth regions; and,

removing said second patterning layer.

3. The method as described in claim 2 wherein said
second region surrounds said first region, said fourth
region surrounds said third region, wherein said first
and second regions form a first opening pattern and said
third and said fourth regions form a second opening
pattern proximate said first opening pattern.

4. The method as described in claim 1 wherein said
second region is adjacent to said first region, and said
fourth region is adjacent to said third region.

5. The method as described in claim 4 wherein said
second region surrounds said first region, said fourth
region surrounds said third region, and wherein said
first and second regions form a first opening pattern and
said third and said fourth regions form a second opening
pattern proximate said first opening pattern.

6. The method as described in claim 1 wherein said
steps b and e are performed simultaneously and prior to
said steps ¢ and d. |

7. The method as described in claim 6 wherein said
steps b, ¢, d, and e are performed by:

providing a first patterning layer;
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forming first openings in said first patterning layer to
expose said first, said second, said third, and said
fourth regions;

etching said opaque laycr in said first, said second,

said third, and said fourth regions;

removing said first patterning layer;

providing a second patterning layer;

forming second openings in said second patterning

layer to expose said first and said third regions;
etching said substrate in said first and said third re-
gions and,

removing said second pattcrnmg layer.

8. The method as described in claim 7 wherein said
second region surrounds said first region, said fourth
region surrounds said third region, wherein said first
and second regions form a first opening pattern and said
third and said fourth regions form a second opening
pattern proximate said first opening pattern.

9. The method as described in claim 6 wherein said
second region surrounds said first region, said fourth

10
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region surrounds said third region, and wherein said

first and second regions form a first opening pattern and

said third and said fourth regions form a second opening
pattern proximate said first opening pattern.

10. A method of fabricating a phase-shifted reticle for
use on a printer having a numerical aperture (NA), an
image reduction factor (IRF) and an exposing radiation
wavelength (A), comprising the steps of:

a) providing a substrate with an opaque layer formed
thereon, said substrate with said opaque layer hav-
ing a first region, a second region, a third region
and a fourth region, wherein said second region is
proximate and between said first and said third
regions, and said third region is proximate said
fourth region, wherein said second region compr-
sies a phase-shifting element for said first region
and said third region comprises a phase-shifting
element for said fourth region, and wherein said
third region is disposed within approximately 0.55
IRF*A/NA of said second region;

b) removing said opaque layer from said second and
said third regions; ,

c) removing a thickness of said substrate from said
second region, said thickness sufficient to shift the
phase of radiation in the range of approximately
160-200 degrees;

d) removing said thickness of said substrate from said
third region;

e) removing said opaque layer from said first and said
fourth regions; and,

f) removing said thickness of said substrate from said
first and said second regions.

11. The method as described in claim 10 wherein said

steps b, ¢, d, e, and f are performed by:

providing a first patterning layer;

forming first openings in said first patterning layer to
expose said second and said third regions;

etching said opaque layer in said second and said
third regions;

etching said substrate in said second and said third
regions;

removing said first patterning layer;

providing a second patternlng layer;

forming second openings in said second pattermng
layer to expose said first and said fourth regions;

etching said opaque layer in said first and said fourth
regions;

removing said second patterning layer;
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providing a third patterning layer;

forming a third opening in said third patterning layer
to expose said first and said second regions;

etching said substrate in said first and said second
regions; and,

removing said third patterning layer.

- 12. The method as descnibed in claim 11 wherein said
second region surrounds said first region, said fourth
region surrounds said third region, wherein said first
and second regions form a first opening pattern and said
third and said fourth regions form a second opening
pattern proximate said first opening pattern. ,-

13. The method as described in claim 10 wherein said
second region is adjacent to said first region, and said
fourth region is adjacent to said third region.

14. The method as described in claim 13 wherein said
second region surrounds said first region, said fourth
region surrounds said third region, and wherein said
first and second regions form a first opening pattern and
said third and said fourth regions form a second opening
pattern proximate said first opening pattern.

15. A method of fabricating a phase-shifted reticle for
use on a printer having a numerical aperture (NA), an
image reduction factor (IRF) and an exposing radiation
wavelength (A), comprising the steps of:

a) providing a substrate with an opaque layer formed
thereon, said substrate with said opaque layer hav-
ing a first region, a second region, a third region
and a fourth region, wherein said second region is
proximate and between said first and said third
regions, and said third region is proximate said
fourth region, wherein said second region com-
prises a phase-shifting element for said first region
and said third region comprises a phase-shifting
element for said fourth region, and wherein said
third region is disposed within approximately 0.55
IRF*A/NA of said second region;

b) forming a sacrificial layer on said opaque layer and

~ said substrate;

c) removing said sacrificial layer from said second
region and said fourth region;

d) removing said opaque layer from said second re-
gion and said fourth region;

e) removing a thickness of said substrate from said
second region, said thickness sufficient to shift the
phase of radiation in the range of approximately

- 160-200 degrees;

f) removing said thickness of said substrate from said
fourth region;

g) removing said sacrificial layer and said opaque
layer from said first region;

h) removing said opaque layer from said third region;
and,

i) removing the remainder of said sacrificial layer.

16. The method as described in claim 15 wherein said
steps ¢, d, e, f, g, and h are performed by:

providing a first patterning layer;

forming first openings in said first patterning layer to
expose said second and said fourth regions;

etching said sacrificial layer in said second and said
fourth regions;

etching said opaque layer in said second and said
fourth regions;

etching said substrate in said second and said fourth
regions;

removing said first patterning layer;

providing a second patterning layer;
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forming second openings in said second patterning
layer to expose said first region;

etching said sacrificial layer in said first region;

etching said opaque layer in said first region;

removing said second patterning layer;

providing a third patterning layer;

forming a third opening in said third patterning layer
to expose said second and said third regions;

etching said opaque layer in said second region by
performing an undercut etch; and,

removing said third patterning layer.

17. The method as described in claim 16 wherein said
second region surrounds said first region, said fourth
region surrounds said third region, wherein said first
and second regions form a first opening pattern and said
third and said fourth regions form a second opening
pattern proximate said first opening pattern.

18. The method as described in claim 1§ wherein said
second region is adjacent to said first region, and said
fourth region 1s adjacent to said third region.

19. The method as described in claim 18 wherein said
second region surrounds said first region, said fourth
region surrounds said third region, and wherein said
first and second regions form a first opening pattern and
said third and said fourth regions form a second opening
pattern proximate said first opening pattern.

20. A method of fabricating a phase-shifted reticle for
use on a printer having a numerical aperture (NA), an
image reduction factor (IRF) and an exposing radiation
~wavelength (A), comprising the steps of:

a) providing a substrate with an opaque layer formed
thereon, said substrate with said opaque layer hav-
ing a first region, a second region, a third region
and a fourth region, wherein said second region is
proximate and between said first and said third
regions, and said third region i1s proximate said
fourth region, wherein said second region com-
prises a phase-shifting element for said first region
and said third region comprises a phase-shifting
element for said fourth region, and wherein said
third region is disposed within approximately 0.55
IRF*A/NA of said second region;

b) removing said opaque layer from said first, said
second, said third, and said fourth regions;

c) removing a thickness of said substrate from said
first region, said thickness sufficient to shift the
phase of radiation in the range of approximately
160-200 degrees; |

d) removing said thickness of said substrate from said
fourth region; and,

¢) removing said thickness of said substrate from said
first and said second regions.

21. The method as described in claim 20 wherein said

steps b, ¢, d, and e are performed by:

providing a first patterning layer;

forming first openings in said first patterning layer to
expose said first and said fourth regions;
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etching said opaque layer in said first and said fourth

regions;

etching said opaque layer in said second and said

third regions by performing an undercut etch;
etching said substrate in said first and said fourth
regions;

removing said first patterning layer;

providing a second patterning layer;

forming second openings in said second patterning

layer to expose said first and said second regions;
etching said substrate in said first and said second
regions; and,

removing said second patterning layer.

22. The method as described in claim 21 wherein said
second region surrounds said first region, said fourth
region surrounds said third region, wherein said first
and second regions form a first opening pattern and said
third and said fourth regions form a second opening
pattern proximate said first opening pattern.

'23. The method as described in claim 20 wherein said
second region is adjacent to said first region, and said
fourth region is adjacent to said third region.

24. The method as described in claim 23 wherein said
second region surrounds said first region, said fourth
region surrounds said third region, and wherein said
first and second regions form a first opening pattern and
said third and said fourth regions form a second opening
pattern proximate said first opening pattern. |

25. The method as described in claim 20 wherein said
steps b, ¢, d, and e are performed by:

providing a first patterning layer;

forming first openings in said first patterning layer to

expose said first, said second, said third, and said
fourth regions;

etching said opaque layer in said first, said second,

said third, and said fourth regions;

removing said first patterning layer;

providing a second patterning layer;

forming second openings in said second patterning

layer to expose said first and said fourth regions;
etching said substrate in said first and said fourth
regions;

removing said second patterning layer;

providing a third patterning layer;

forming third openings in said third patterning layer

to expose said first and said second regions;
etching said substrate in said first and said second
regions; and,

removing said third patterning layer.

26. The method as described in claim 25 wherein said
second region is adjacent to said first region, and said
fourth region is adjacent to said third region.

27. The method as described in claim 26 wherein said
second region surrounds said first region, said fourth
region surrounds said third region, and wherein said
first and second regions form a first opening pattern and
said third and said fourth regions form a second opening

pattern proximate said first opening pattern.
* %X %X % %
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